The different nutritional properties of several Desulfovibrio desulfuricans strains suggest that either the strains are misclassified or there is a high degree of phenotypic diversity within the genus Desulfovibrio. The obligately anaerobic, dissimilatory, sulfate-reducing bacteria utilize sulfate as their terminal electron acceptor and derive their energy for growth from the oxidation of organic compounds and hydrogen gas (27) . Among the genera of sulfate-reducing bacteria, perhaps the most thoroughly studied species are classified in the genus Desulfovibrio. The Desulfovibrio species which have been characterized are nutritionally similar; they are readily enriched with lactate or hydrogen and utilize only a few other substrates (38). Diagnostically, Desulfovibrio species test positive (with some exceptions) for the sulfite reductase desulfoviridin and contain the unique tetraheme cytochrome C3 (27). These observations have contributed to the notion that although the sulfate-reducing bacteria are ecologically very significant, they comprise a small and nutritionally limited group. However, recent isolations and descriptions of new genera have dispelled this view (38). At present, more than 10 genera of sulfate-reducing eubacteria (one of which is affiliated with gram-positive bacteria) and an extremely thermophilic sulfate-reducing archaebacterium have been described (36, 39).
cans Norway 4. A correlation between 16S rRNA sequence similarity and percentage of DNA relatedness showed that these five deep lineages are related at levels below the minimum genus level suggested by Johnson (in Bergey's Manual of Systematic Bacteriology, vol. 1, 1984) . We propose that this branch should be grouped into a single family, the Desulfovibrionaceae. The other branch includes other genera of sulfate-reducing bacteria (e.g., Desulfobacter and Desulfococcus) and contains Desulfovibrio sapovorans and Desulfovibrio baarsii as separate, distantly related lineages.
The obligately anaerobic, dissimilatory, sulfate-reducing bacteria utilize sulfate as their terminal electron acceptor and derive their energy for growth from the oxidation of organic compounds and hydrogen gas (27) . Among the genera of sulfate-reducing bacteria, perhaps the most thoroughly studied species are classified in the genus Desulfovibrio. The Desulfovibrio species which have been characterized are nutritionally similar; they are readily enriched with lactate or hydrogen and utilize only a few other substrates (38) . Diagnostically, Desulfovibrio species test positive (with some exceptions) for the sulfite reductase desulfoviridin and contain the unique tetraheme cytochrome C3 (27) . These observations have contributed to the notion that although the sulfate-reducing bacteria are ecologically very significant, they comprise a small and nutritionally limited group. However, recent isolations and descriptions of new genera have dispelled this view (38) . At present, more than 10 genera of sulfate-reducing eubacteria (one of which is affiliated with gram-positive bacteria) and an extremely thermophilic sulfate-reducing archaebacterium have been described (36, 39) .
While the nutritional versatility and phylogenetic diversity of the sulfate-reducing bacteria have been established, questions of relatedness among species of the genus Desulfovibrio remain unanswered. Postgate has stated that the "taxonomic picture" of the genus is "imperfect" (27) . Indeed, a number of observations suggest divergent evolu-tionary relationships among the species presently included in the genus. An early rRNA-DNA hybridization study showed that Desulfovibrio vulgaris rRNA is 97% related to Desulfovibrio desulfuricans rRNA and only 57% related to Desulfovibrio africanus rRNA (25) . The guanine-plus-cytosine contents for the genus range from 49 to 66 mol% (38) . Cytochromes C3 from various Desulfovibrio desulfuricans strains exhibit variability in their antigenic determinants (33) ; and a comparison of the six amino acid sequences known for this cytochrome has shown that only 20% of the residues are conserved and that the conserved amino acids are mainly involved in heme attachment (16) . Furthermore, surface antigens of strains of the same species are often highly specific (1, 34) .
Comparisons of 16S rRNA sequences have placed the gram-negative sulfate-reducing eubacteria within the delta subdivision of the purple photosynthetic bacteria along with sulfur-reducing bacteria, myxobacteria, and bdellovibrios (40). Ecological, comparative physiology, and taxonomic studies of Desulfovibrio species would benefit from a more detailed understanding of the phylogeny of these organisms. Growth responses. The ranges of substrates utilized by strains of Desulfovibrio spp. were determined in a basal medium supplemented with carbon sources (10 mM) and with 10 mM sulfate or 10 mM nitrate as the terminal electron acceptor. The gas phase was argon except when a hydrogen (80%, vol/vol) or carbon dioxide (20%, vol/vol) atmosphere was used.
The basal medium contained (per liter of distilled water) 2.0 g of NH4Cl, 1.65 g of MgCl2 6H20, 0.5 g of K2HPO4, 0.2 g of CaCl2, 0.007 g of FeCl2 -4H20, 10 ml of a trace mineral solution, and 1 ml of a 0.2% resazurin solution. The trace mineral solution was modified from that described by Badziong and Thauer (2) and contained (per liter) 12.8 g of nitrilotriacetic acid, 0.21 g of FeCl2 -4H20, 0.1 g of MnCl2 * 4H20, 0.17 g of CoCl2 6H20, 0.10 g of ZnCl2, 0.02 g of CuCl2, 0.01 g of H3BO3, 0.01 g of NaMoO4, 0.017 g of Na2SeO3, and 0.028 g of NiCl2 .6H20. The nitrilotriacetic acid was dissolved in 200 ml of distilled water, and the solution was adjusted to pH 6.5 with 30% KOH. Water and the remaining salts were added to a final volume of 1 liter. Cysteine hydrochloride (0.2 g/liter) was added as the reducing agent, and sodium bicarbonate was used to adjust the pH to 7.2 to 7.6.
After inoculation (1%, vol/vol), cultures were examined daily for an increase in A6.. An increase in absorbance was confirmed by microscopic examination of the cultures. Cell growth was identified as positive if the absorbance of a culture incubated at 37°C exceeded 0.10 within 14 days. rRNA sequencing. 16S and 23S rRNA sequences were determined by using the dideoxynucleotide chain-terminating procedure with reverse transcriptase and rRNA as the template (14) . Sequencing reactions were primed with synthetic oligonucleotides hybridized to conserved rRNA tracts. where Pd iS the fraction of differences in the rRNA or DNA, kna is the rate of base substitutions, and T is time. If S or t DNA is substituted for 1 -Pd and these equations are combined, upon rearrangement the following equations are obtained:
where k1 and k2 are the constants for the rates of substitution for S and % DNA, respectively. Because T is the same for comparisons of S and % DNA for the same pair of organisms, these equations can be combined to obtain the following equation:
To correct for back mutations in the rRNA sequences, the Jukes-Cantor correction may be applied and 1 -d may be substituted for S, where d is the evolutionary distance or -0.75 loge [1 - To resolve this question, portions of the 16S rRNA and 23S rRNA were sequenced. For the 16S rRNA, sequencing was initially performed by using the reverse transcriptase method and the 1400 region primer (14) . The Sequence data for a larger portion of the 16S rRNA were obtained by using a full complement of primers for some of the strains mentioned above, as well as other Desulfovibrio species, and the results of these studies refined and confirmed the conclusions described above. Evolutionary distance and similarity values for pairs of 16S rRNA sequences are shown in Tables 2 and 3 , respectively; the values encompass about 950 positions, beginning a few nucleotides from the 5' terminus and ending about 200 nucleotides from the 3' terminus, with a gap between nucleotide positions 890 and 972 (E. coli numbering). Sequence information was not obtained for this gap for some species because of premature termination of the region 1110-primed reverse transcripts.
From these studies we found that Desulfovibrio desulfuricans Norway 4 and Desulfovibrio baculatus have virtually identical 16S rRNA sequences (99.6% sequence similarity) ( Table 3 ). This result was consistent with the identical nutritional responses of these organisms (Table 1) , the fact that they both contain desulforubidin instead of desulfoviridin as their dissimilatory sulfite reductase (15) , and the similarities of their cytochromes c3 (20) . In addition, Desulfovibrio desulfuricans ATCC 7757 was found to be a close relative of Desulfovibrio vulgaris Hildenborough. No substitutions in 129 positions in the region 1400-primed 16S rRNA sequence were observed for these two strains. Likewise, in the region 473-primed 23S rRNA sequence, we found only 3 substitutions among 146 positions compared. Finally, strain El Agheila Z was not closely related to the type strains of other species of the genus.
Phylogeny of the genus Desulfovibrio. Phylogenetic trees based on the 16S rRNA sequences from the Desulfovibrio species were constructed by using two methods, a leastsquares analysis of the evolutionary distances (9) and UPGMA (22) . In addition, these trees were compared with the results of maximum parsimony and sequence signature analysis (40). Outgroups were chosen on the basis of previously published sequence data for representatives of other genera of gram-negative sulfate-reducing bacteria, the other main subdivisions of the purple bacteria, and Myxococcus xanthus (7, 24, 40) . Separate studies have shown that the thermophilic sulfate-reducing genus Thermodesulfobacterium is not related to the 8 subdivision of the purple bacteria (C. R. Woese, personal communication). Therefore, this taxon was not included in this study. The phylogenetic trees constructed by using the three methods were generally consistent and suggested that the mesophilic and gramnegative sulfate-reducing bacteria evolved from a common origin deep within the 8 subdivision of the purple bacteria. This result is consistent with the 8 subdivision signature sequence present in this group (40).
A comparison of the 16S rRNA catalogs suggested that the mesophilic gram-negative sulfate-reducing bacteria are composed of two major branches (10) . The sequencing data confirmed this conclusion ( Fig. 1 and 2 ). The first branch, which includes many Desulfovibrio species, as well as Desulfomonas pigra, is also well defined by signature analysis ( Table 4 Within the Desulfovibrio branch, Desulfovibrio desulfuricans ATCC 27774 and Desulfomonas pigra were closely related (95% sequence similarity). Desulfovibrio vulgaris was also related to these two species (91% sequence similarity). Likewise, Desulfovibrio salexigens and Desulfovibrio desulfuricans El Agheila Z represented a deep lineage (c90% sequence similarity). The other species in this branch, Desulfovibrio baculatus plus Desulfovibrio desulfuricans Norway 4, Desulfovibrio gigas, and Desulfovibrio africanus, all represented deep lineages whose branching order was not clear. The results of both the UPGMA and the least-squares analysis suggested that Desulfovibrio africanus is related to Desulfovibrio salexigens. However, in neither case was this relationship strong, and it must be considered tentative at this time. Likewise, the results of the leastsquares analysis and the UPGMA suggested that Desulfovibrio gigas is a deep branch of the lineage leading to Desulfovibrio desulfuricans. However, the results of the parsimony analysis suggested that this organism is related to Desulfovibrio salexigens. The results of the UPGMA of the (40) . The data for the genera Actinobacillus and Campylobacter were then combined with the larger set of data from the SAB values (Fig. 3) Table 2 after correction for deletions and insertions. loglo S = 0.0350 (log1o % DNA) -0.0698 The correlation coefficient was 0.728, which was significant at P = 0.0001 for n = 34. From this formula, rRNA similarity values at levels of DNA relatedness of 70 and 20% were calculated to be 0.988 (standard error, 0.990 to 0.986) and 0.946 (standard error, 0.955 to 0.937), respectively. The relationship between the level of DNA relatedness and the evolutionary distance (d), which corrected for back mutations, was also determined. The results were very similar ( Fig. 3): log1o (1 - 
The correlation coefficient was 0.722, which was significant at P = 0.0001 for n = 34. At DNA relatedness levels of 70 and 20%, the evolutionary distances were calculated to be 0.0191 (S = 0.981) and 0.0666 (S = 0.936), respectively.
On the basis of the relationship between rRNA similarity values and levels of DNA relatedness, most Desulfovibrio species are related more distantly than the genus level in the sense of Johnson (12) . For instance, the evolutionary distance between most of pairs of species was greater than 0.1, which corresponds to a level of DNA relatedness of about 7%. Likewise, the measured value for the level of DNA relatedness between Desulfovibrio baculatus and Desulfovibrio africanus was 0 to 2% (21) . The calculated value from the rRNA similarity value of 0.861 was 1.4% (range, 1 to 2%). In contrast, the rRNA similarity value for Desulfovibrio desulfuricans and Desulfomonas pigra was 0.951 ( (Fig. 2) (data not shown) . In the leastsquares analysis, the genus Myxococcus appeared to arise close to the root of the two major branches of gram-negative sulfate-reducing bacteria (Fig. 2) (27, 38) . All of these species incompletely oxidize lactate to acetate. All utilize H2, formate, and ethanol. None uses fatty acids as growth substrates. However, the diversity within the group is greater than the diversity normally encountered within eubacterial genera. Therefore, the results of the phylogenetic analysis support the reassignment of Desulfovibrio baculatus to the new genus Desulfomicrobium (21, 29, 30 ). This conclusion is consistent with the morphology of this organism (which is rod shaped), the absence of desulfoviridin, and the lack of significant DNA hybridization with Desulfovibrio africanus. Presumably, reclassification of the other four deep lineages of the desulfovibrios into separate genera would also be justified. However, it is not appropriate to reclassify these species solely on the basis of rRNA sequence data and in the absence of distinguishing phenotypic features.
If many of the desulfovibrios are reclassified into separate genera, it is important that the monophylogenetic origin of the group continues to be recognized at a higher taxonomic level. Thus, grouping of these organisms into a single family, the Desulfovibrionaceae, appears to be appropriate. On the basis of rRNA similarities, such a family would be approximately equal in depth to other families currently recognized in the purple bacteria. For instance, the families Rhizobiaceae, Enterobacteriaceae, and Vibrionaceae form DNArRNA hybrids with thermal denaturation values of at least 68°C (6) . This value corresponds to an rRNA similarity value of about 0.85 (31 
